We discuss the inuence of an external magnetic eld on the exciton energy and the exciton oscillator strength in the shallow quantum wells. We include into consideration the Coulomb attraction between electron and hole, which is rarely taken into account. We self-consistently solve the Schrödinger equation to compare the obtained results with the experimental values.
Introduction
The excitons in quantum wells (QWs) form nowadays the basic system of many optoelectronic devices. Our work was triggered by the recent interest in the exciton polariton physics, where excitons in quantum wells are strongly coupled to semiconductor microcavity mode [1] . After pioneering work showing the non-linear eect in this system [2] , researchers become interested in the application of external electric and magnetic elds that modies the excitonic counterpart of the polariton quasiparticle. In this paper we show the inuence of external magnetic eld on the exciton energy and the exciton oscillator strength, that is a measure of the exciton photon coupling strength. We are especially interested in excitons in shallow QW reported in the recent publications [3, 4] . We directly compare our theoretical model with the experimental results reported in Ref. [5] .
Exciton energy and oscillator strength
Coulomb attraction between the electron and hole is responsible for arising an exciton in semiconductors. In the case of QW, the Coulomb force also inuences a potential of the QW which localizes particles making the exciton. This type of a QW potential change is rarely taken into account because it is believed to be small in the case of a deep QW. However, in the case considered in this paper, when the material of the quantum well contains only a small fraction of indium, the QW is shallow, and the eect mentioned above should be taken into account. One of the way to deal with it is to solve the exciton problem self-consistently. Here, we follow the method proposed in Ref. [5] and extend it to include the eect of an external magnetic eld.
* corresponding author; e-mail: pzieba@if.univ.rzeszow.pl Let us assume that z axis of the Cartesian coordinates is along the growth direction of heterostructure and suppose that the magnetic eld B is normal to the QW plane. Carrying out a standard procedure of separating the exciton center of mass and electronhole relative motion in the well plane, the heavy hole exciton Hamiltonian can be given in the form
where
z e , z h are electron and hole z-coordinate (along the growth direction), ρ is the in-plane (x, y-plane) electron hole pair separation, m e , m h are the electron and hole masses, µ the reduced mass of the electronhole pair, ε 0 is the vacuum permittivity, e is the elementary charge, ε is the dielectric constant, L = /(eB) is the magnetic length, ω e c , ω h e are the electron and hole cyclotron frequencies, U e (z e ), U h (z h ) are the well potentials for an electron and a hole, l e , l h electron and hole numbers Landau levels. We assume the exciton wave function to be
(6) To solve Eq. (1) self-consistently we have to nd a solution to the following system of integro-dierential equations [6] :
( H e +V e )φ e (z e ) = E e φ e (z e ),
with eective potentials
and with total energy E is given by
The system (7) (9) is solved by the following iteration procedure. First, we solve Eqs. (7) and (8) by settinḡ V e (z e ) =V h (z h ) = 0. The obtained solutions φ e (z e ) and φ h (z h ) are used to calculateV ρ (ρ) by using (12). This in turn enables us to solve Eq. (9). The obtained function ψ ρ (ρ) is then substituted to (10) and (11) to get new approximations of the potentialsV e (z e ),V h (z h ). The procedure is continued until the potentials (10)(12) become consistent with each other
GaAs GaAs In 0.04 Ga 0.96 As In order to solve the problem dened above, we have to estimate QW potentials U e (z e ), U h (z h ) for an electron and a hole. The In 0.04 Ga 0.96 As quantum well of the width of 8 nm (see Fig. 1 ) is supposed to be in between two GaAs barriers. Let us estimate barrier heights of conning potentials for a heavy hole and an electron. Typically, they are determined by a dierence in band gaps shared between the conduction and valence bands according to a factor Q which is the ratio of the conduction to valence band osets ∆E c :∆E v . In the case of the quantum well under consideration, there is a lattice mismatch between materials of the well and the barriers. The lattice constant of In 0.04 Ga 0.96 As is larger than that of GaAs which causes a compressive strain of the QW, which in its turn introduces an additional contribution to the conning potential. The strain tensor is
x is indium atomic content, a x an x-dependent lattice constant of In x Ga 1−x As, and c 12 , c 11 are the elastic stiness constants. The energy shifts due to the strain for the conduction and heavy hole valence band edges are
where a c , a v , b v are deformation potentials for the heavy hole valence and conduction bands, respectively. An xdependence of the band gap in the unstrained case is [7] :
(19) The total shift of the band is
. (20) To account for temperature changes in the lattice constant and band gaps we use the following formulae:
α and β are the material constants. To obtain the parameters of In x Ga 1−x As for the indium fraction x = 0.04, we use a linear interpolation of parameters of GaAs and InAs given in Table. Assuming Q=60:40 [8] , we get ∆E hh = 18 meV and ∆E e = ∆E g − ∆E hh = 27 meV. These values determine the conning potentials U e (z e ), U h (z h ). The dependence of the calculated exciton energy on the magnetic eld is presented in Fig. 2 .
It is worth mentioning that we present here results of the calculations for l e and l h which are equal to zero. We also calculate an exciton oscillator strength which is a measure of the probability of an electric dipole optical transitions. It is given by [11] : The dependence of the calculated oscillator strength on the magnetic eld is presented in Fig. 3 . Fig. 3 . The normalized oscillator strength..
Conclusions
Presented results display a sensible agreement between theory and experiment. At low values of the magnetic eld when the Landau quantization energy is comparable to the exciton binding energy, we observe a little growth of the normalized oscillator strength. When the magnetic eld becomes stronger and the contribution to the exciton energy due to the Landau quantization begins to be signicant the oscillator strength grows almost linearly.
